Increases in endotracheal tube cuff volume and pressure during anaesthesia have been reported to be due to the diffusion of nitrous oxide into the cuff. This study compared cuff volume and pressure changes in anaesthetized intubated patients who were ventilated with those aI/owed to breath spontaneously. The cuffs of Magill red rubber endotracheal tubes were inflated with either air or Cl nitrous oxide-oxygen mixture.
INTRODUCTION
In endotracheal intubation, overinflation of the endotracheal tube cuff may lead to tracheal wall damage. While within the trachea. the cuff represents a closed gas-filled cavity in the body. An enclosed gas-filled space in the body will expand if it contains a gas (nitrogen) which is less soluble than the gas inspired (nitrous oxide) as reported in anaesthesia for patients with pneumothorax (Hunter 1955) , bowel obstruction and during pneumoencephalography .
Recently, Stanley and co-workers demonstrated in vitro (Stanley, Kawamura and Graves 1974) and in intubated patients (Stanley 1975 ) that nitrous oxide, and to a lesser extent, oxygen, diffused into air-filled cuffs more rapidly than nitrogen diffused out, thus producing IIlcreases in cuff volume and pressure.
This study was undertaken to determine: I. The extent of cuff volume and pressure increases with standard Magill red rubber endotracheal tubes during anaesthesia. 2. The differences, if any, between spontaneous respiration and intermittent positive pressure ventilation (IPPV), with regard to increases in cuff volume and pressure during anaesthesia. 3. The difference in changes between cuffs filled with air and those filled with the nitrous oxide-oxygen anaesthetic mixture.
METHOD
Forty adult patients, 21 males, 19 females, 14-85 years of age, who were having elective orthopaedic and general surgery were divided into four groups of ten each. an aneroid sphygmomanometer via a leak-proof 3-way tap (Top 6D22Z). A graduated plastic 10 ml syringe (Pharm-Plast Aust.) was used to inflate the cuffs and measure cuff volumes. The nitrous oxide-oxygen anaest'hetic mixture was obtained by aspiration from the Y -piece of the circle system after the mixture had been flowing through the circuit for three minutes with repeated emptying of the reservoir bag.
All the patients received a narcotic and atropine premedication. Thiopentone was used for induction and suxamethonium was used to facilitate intubation. Anaesthesia was maintained with the nitrous oxide-oxygen mixture, supplemented with halothane or a narcotic.
Cuff volume was recorded after intubation, with the cuff inflated sufficiently to just occlude the airway, and at the end of operation, before reversal of the muscle relaxants in the IPPV groups. Intra-cuff pressures were recorded immediately after cuff inflation, half-hourly during the operation, and at the end of the operation, just prior to obtaining the final cuff volume. In the pressure measurements, apparatus dead space was minimized by inflating the cuff with the 3-way stopcock open 10 between the cuff and manometer (Cox and Schatz 1974) .
Statistical computations were performed on a PDP 10 computer (Digital Equipment) using a standard programme for small samples. Student's t-test was used in the evaluation of statistical significance.
RESULTS

Cuff Volume
The results relating to the changes in mean cuff volumes are recorded in Table 1 and are shown graphically in Figure 1 . For Group 1 (spontaneous respiration and air-filled cuffs), the mean increase in volume was significant (P < 0.05). A highly significant (P < 0.001) increase in mean cuff volume was demonstrated for Group 2 (IPPV and air-filled cuffs). This increase remained significant (P < 0.05) when allowance was made for the larger mean duration in this group by eliminating three long duration cases which had contributed a positive skew to mean duration. There were no significant changes in cuff volume when cuffs were inflated with nitrous oxide and oxygen (Groups 3 and 4). Table 2 shows a comparison of the gases used for cuff inflation during spontaneous ventilation and IPPY. The differences in the mean values were not significant during spontaneous ventilation, but they were highly significant (P < 0.001) during IPPY.
Intra-Cuff Pressure
The pressure results are tabulated in Table  3 and are shown graphically in Figure 2 . Significant increases in intra-cuff pressure were found for all cuffs inflated with air. The results for Group 2 ([PPY and air-filled cuffs) still remained significant (P < 0.05) when the allowance for the increased mean duration was made (vide supra). There were no significant increases in intra-cuff pressures when the cuffs were inflated with nitrous oxide and oxygen.
In Table 4 , air-filled cuffs were compared with those filled with the anaesthetic mixture, during spontaneous ventilation and IPPY. The differences of the mean increases in pressure were significant during IPPY (P < 0.001) but not during spontaneous ventilation. 
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DISCUSSION
Increase in endotracheal tube cuff volume and pressure during anaesthesia has recently been reported (Stanley et al. 1974 , Stanley 1975 , due to diffusion of nitrous oxide and other gases into the air-filled cuff. No change in cuff volume and pressure occurred if the cuff was inflated with nitrous oxide and oxygen (Revenas and Lindholm 1976) .
All endotracheal tubes previously studied had cuffs made of polyvinyl chloride or latex. The present study examined the red rubber Magill endotracheal tube, widely used in anaesthesia in Australia and Britain. In addition, volume and pressure changes of cuffs in patients being ventilated were compared with those in patients allowed to breathe spontaneously.
The results of this study confirmed the increase in cuff volume and pressure during anaesthesia for cuffs inflated with air. The changes recorded were greater with IPPY than with spontaneous respiration. No changes were seen in the cuffs inflated with ~he nitrous oxide/oxygen mixture.
The process of permeation of a gas through a polymer membrane is thought to be one of solution of gas molecules on one side of the membrane f'Ollowed by diffusion through the membrane to the other side, where the gas evaporates (van Amerongen 1946). Gas solubility obeys Henry's Law and is proportional to the partial pressure, whereas the diffusion rate of the gas through the membrane is proportional to the concentration gradient (Fick's Law). Inflating endotracheal tube cuffs with the anaesthetic gas mixture would thus eliminate any partial pressure and concentration differences across the cuff membrane during anaesthesia. Cuff volume and pressure would remain unchanged because gas diffusion does not take place, as was confirmed in this study.
The greater increase in cuff volume and pressure~ found with IPPV, may be explained in terms of cuff surface area and changes in local partial pressure and concentration of the anaesthetic gases. The inspiratory phase of IPPV distorts the cuff and may increase tracheal diameter (Carroll, McGinniss and Grenvik 1974, Figure 3 ). Indeed the trachea may increase in volume by 52 % to 67 % when subjected to an intraluminal pressure of 15 mmHg (Carroll, Hedden and Safar 1969) . As a consequence a greater cuff surface area will be available for gas permeation. The increase in intratracheal pressure with IPPY will also produce an increase in the partial pressure of nitrous oxide (and oxygen). Moreover, the greater turbulent flow of gases at the tip of the endotracheal tube with IPPY may lead to an increase in the gas concentration locally around the cuff.
The changes in cuff volume and pressure found by the present authors are less than those reported previously (Stanley 1975, Revenas and Lindholm 1976) . This is possibly explained by the thicker cuff of the Magill tube, since gas diffusion rates vary inversely with cuff thickness (Bernhard et al. 1978) , and by the different cuff material. The Magill cuffs were made of red rubber, while the other cuffs previously studied were composed of polyvinyl chloride or latex. Furthermore, the Magill tubes used in this study had undergone repeated autoclaving which might have produced structural changes in the cuff.
Correlation of changes in cuff volume and pressure with time was reported by Stanley (1975) to be poor. Ravenas and Lindholm ( 1976) in contrast found the correlation to be good in large volume cuffs. The mean duration of cuff exposure to anaesthetic gases was similar in both studies, about 125 minutes. The mean duration was less in the present study (87.5 minutes) but the results of Group 2 (IPPV and air-filled cuffs) show that a correlation of cuff pressure with time exists (r = 0.9). However, theoretically, with sufficient time, gas permeation into the cuff will eventually abolish the partial pressure and concentration gradients across the cuff membrane. Equilibration of anaesthetic gas partial pressures will be reached between the distal trachea and within the cuff, with cuff volume and pressure then remaining constant.
In conclusion, overinflation of the cuff may lead to tracheal wall damage in prolonged tracheal intubation (Cooper and Grillo 1969) . To avoid ischaemic injury, the cuff-tracheal pressure or the pressure exerted on tracheal mucosa by the cuff should be less than 30 mmHg. (Carol et al. 1974, Mackenzie, Klose and Browne 1976.) Intra-cuff pressure relates to cuff tracheal pressure and may represent the latter in high residual volume cuffs (Carroll et al. 1974) . Initial intra-cuff pressures of the commonly used Magill tube can be alarmingly high, with a mean of 129 mmHg in this study. Since small increments in cuff volume lead to very large increases in intra-cuff pressure (McGinnis et al. 1971) , there is a risk of tracheal damage in prolonged anaesthesia, if anaesthetic gases diffuse into the cuff. Attention is drawn to this potentially serious phenomenon. It is recommended that intra-cuff pressures be monitored whenever additional increments of air are introduced into the cuff. In anaesthesia for surgical procedures of long duration, the anaesthetic mixture of nitrous oxide-oxygen should be used to inflate the endotracheal tube cuff.
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